Transmembrane helices are the most readily predictable secondary structure components of proteins. They can be predicted to a high degree of accuracy in a variety of ways. Many of these methods compare new sequence data with the sequence characteristics of known transmembrane domains. However, the known transmembrane sequences are not necessarily representative of a particular organism. We attempt to demonstrate that parameters optimized for the known transmembrane domains are far from optimal when predicting transmembrane regions in a given genome. In particular, we have tested the effect of nucleotide bias upon the composition and hence the prediction characteristics of transmembrane helices. Our analysis shows that nucleotide bias of a genome has a strong and predictable influence upon the occurrences of several of the most important hydrophobic amino acids found within transmembrane helices. Thus, we show that nucleotide bias should be taken into account when determining putative transmembrane domains from sequence data.
Membrane proteins are of extreme importance in biomedical research. Most pharmaceuticals in use today interact with transmembrane proteins. Membrane proteins are also extremely abundant, and previous analyses~Arkin et al., 1997! suggest that about onequarter of all proteins are anchored in a lipid bilayer by virtue of a transmembrane a-helix. Given this abundance, the number of potentially therapeutic targets is huge. It is only now, with the advent of mass genome sequencing projects, that we can begin to realize the whole scope of potential transmembrane targets, with the first step along this route being the prediction of transmembrane spans from sequence data.
Membrane a-helices are generally characterized by a hydrophobic stretch of between 12 and 25 amino acids~von Heijne, 1995; Whitley et al., 1996 !. The amino acid composition of these transmembrane regions has given rise to the many hydrophobicity~Kyte & Doolittle, 1982; Engelman et al., 1986; Rees et al., 1989; Degli Esposito et al., 1990; Wimley, 1999! and membrane preference scales~von Heijne, 1992; Li & Deber, 1994a !. Searching new sequences using these membrane preference parameters allows quick and accurate domain prediction. Indeed, this is the most accurate protein domain classification known, which is based upon sequence data alone. More recently, even better methods have appeared, most notably those that employ neural network algorithms~Rost et al., 1995, 1996 !. These methods learn the characteristics of the known transmembrane regions during a training period, after which they can predict the presence or absence of transmembrane regions in new sequences. Both the membrane preference scales and the neural network methods use the known transmembrane regions as their foundation. As the known transmembrane domains are severely biased toward model organisms and higher eukaryotes, we have decided to investigate how different hydropathy analysis parameters predict transmembrane domains in different genomes. We wish to test whether a single set of parameters, optimized on the known transmembrane helices can be applied, with equal results, to a diverse range of different organisms. If the amino acid composition of transmembrane domains varies significantly according to organism, then a single set of search parameters, derived from the known helices, will not take this into account. Hence, we aim to determine if a readily obtainable organism specific parameter, genomic nucleotide bias, affects the amino acid composition of transmembrane domains.
There are now a number of completed genomes, with representatives from all of the three domains of life. Our analysis uses proteomic databases constructed from the predicted open reading frames of these genomes. In each proteome, we have determined the compositions of the putative transmembrane helices and the number of putative transmembrane proteins predicted by different hydropathy search parameters. Our analyses reveal that the number of putative transmembrane domains, predicted across a wide range of search parameters, varies according to the organism, and that the composition of transmembrane domains is different in different organisms. We illustrate that the differing composition of the transmembrane domains is strongly correlated with, and may be due, at least in part, to the nucleotide bias of the organism's genome.
Results

Nucleotide bias
The nucleotide biases in each of the organisms are illustrated in Table 1 . This illustrates that there is significant variation in the nucleotides bias within the genomes studied. The codon use of the abundant~Deber et al., 1986! transmembrane amino acids is illustrated in Table 2 . Where an amino acid is only coded by AT or GC rich codons, a significant AT0GC bias within a genome is expected to constrain the abundance of the relevant amino acids, provided alternative residues can be used.
Amino acid composition
The plot presented in Figure 1 depicts the composition of the TM regions, from each of the proteomes in our database, for which we can be most certain of a transmembrane identity. The data illustrated~Fig. 1! represents 409,890 residues in 26,436 predicted TM helices from 8,269 genes. Of the abundant, hydrophobic amino acids leucine has a high abundance in all organisms. Isoleucine and phenylalanine, however, have a high abundance in some organisms and a low abundance in others. From this chart, it is apparent that when isoleucine and phenylalanine are of low abundance, valine and alanine abundance is higher and vice versa. Although valine does not necessarily have an AT or GC rich codon, it would seem that its abundance is elevated when the genome is biased against AT bases. This suggests that the abundance of valine is compensating for the lack of the AT constrained amino acids, particularly isoleucine, with which it shares similar physical properties. Also of note is that isoleucine complement is not particularly substituted by leucine, which is the most abundant transmembrane residue. The standard deviation in the abundance of each amino acid across the different organisms, as presented in Table 3 , confirms that the amino acids Ile, Phe, Val, and Ala have the greatest variation in proteomic abundance.
The graph illustrated in Figure 2 shows further conformation of the correlated abundances of the amino acids Ile, Phe, Val, and Ala. The Phe ϩ Ile composition~FI! has a linear relationship with the Val ϩ Ala composition~VA!. A lower proportional composition of Phe and Ile in a proteome, and within its TM domains, is compensated for by a higher proportion of Val and Ala and vice versa. Leucine did not show any significant correlation in its abundance with any other amino acid~data not shown!. The graph presented in Figure 3 confirms that alternate hydrophobic amino acid use within TM domains~FI vs. VA! is strongly correlated with the nucleotide bias of the genome~GC vs. AT!. Indeed, it would appear that, over the range studied, FI0VA is proportional to GC0 AT, with a gradient of 0.827~correlation coefficient ϭ 0.987!. From this it is clear that nucleotide bias imposes constraints upon codon use, and hence, amino acid composition. As the hydrophobicity of isoleucine and phenylalanine is greater than the compositionally compensating TM domain amino acids valine and alanine, one may also expect that when GC bias favors valinealanine use, the average hydrophobicity of the TM a-helix residues decreases.
Hydropathy searches
The plots presented in Figure 4 illustrates how the predicted % of membrane proteins in each of the proteomes varies with the simple hydropathy search parameters of window size and hydrophobicity threshold. By ordering these plots according to decreasing AT:GC bias~%GC0%AT!, it can clearly be seen that the pattern of prediction varies. The regions in Figure 4 that correspond to permissive hydropathy searches~blue areas! do not vary markedly across organisms. However, this is expected as a limitation on hydrophobicity, imparted by AT:GC bias, will only effect hydropathy searches that use restrictive search parameters~red region!. The transmembrane predictions that arise from permissive searches that are dom- inated by false positive results and, hence, domains of reduced hydrophobicity are not resolvable. We cannot directly measure the length and, hence, the average residue hydrophobicity of the transmembrane regions identified. This is because of difficulties encountered in defining the ends of the transmembrane helices. The analysis we present here uses a consistent but arbitrary means of determining the ends of the transmembrane domains, based upon a hydrophobicity. Although we are satisfied that this is sufficient to determine the bulk composition of TM domains across a whole proteome, the ends are not sufficiently well defined to make confident length and mean hydrophobicity measurements. However, although we cannot accurately determine average hydrophobicity, it is clear from the multiparameter hydropathy search plots~Fig. 4! that stringent hydropathy searches~small window, large threshold! predict fewer membrane proteins in genomes with restricted AT content. Thus, assuming that the proportion of membrane proteins in a proteome does not correlate with nucleotide bias, restricted AT content gives rise to transmembrane helices with less hydrophobic residues, consistent with the alternate residue content described above. The use of less hydrophobic amino acids within transmembrane domains may give rise to longer transmembrane helices; however, this is not resolvable in this analysis.
Discussion
As the amino acids phenylalanine and isoleucine seem to be so readily substitutable for valine and alanine~Fig. 2! within transmembrane helices, according to the base pair preferences of the organism~Fig. 3!, the general, bulk composition of transmembrane a-helices would seem to be able to vary quite dramatically while the function of proteins is preserved~Zhou et al., 1997!. Moreover, the correlation between nucleotide bias and alternate amino acid use is so good that we suggest that GC0AT can be used to accurately predict VA0FI and vice versa. For the known membrane spanning sections, as described in the SWISS-PROT database, VA0FI ϭ 1.05. According to the relationship described above, this would correspond to a GC0AT of about 0.87, an intermediate nucleotide bias similar to the eukaryotic genomes studied. Further, as each of the hydropathy "landscapes"~illustrated in Fig. 4 ! is particular to the organism, the hydropathy search characteristic of the known transmembrane domains cannot be representative of a Fig. 3 . A graph to show the correlation between the nucleotide bias of a genome~GC0AT! and alternate hydrophobic amino acid usẽ VA0FI!. Data are shown for both the amino acids within the predicted TM domains~᭹! and for the whole proteome~छ!. Fig. 4~facing page!. The amount of predicted membrane proteins using hydropathy thresholds from Ϫ20 to Ϫ33 kcal mol Ϫ1 and window sizes from 12 to 20 residues, for each of the organisms studied. The plots are displayed in order of decreasing genome GC0AT bias~given after the organism name!. In each plot the color scale indicates the proportion of predicted membrane proteins, relative to the maximum number predicted, at the most permissive parameters for the plot~Ϫ20 kcal mol Ϫ1 threshold and a window of 12!.
particular organism and will show marked differences to proteomes that are under the influence of a significant nucleotide bias. Throughout this analysis, we have use the GES hydrophobicity scale~Engelman et al., 1986!. Although there are many alternative hydrophobicity and membrane preference scales used in the prediction of transmembrane domains~Kyte & Doolittle, 1982; Li & Deber, 1994b; White & Wimley, 1999 !, we do not believe that the use of a particular scale will have a substantial influence upon the results of this analysis. The allocation of transmembrane domains within the proteins is made primarily by homology to known membrane proteins with only the use of an extremely permissive hydropathy search to ensure that the sequences compared in the alignment have some degree of membrane character. When searching proteomes with various search parameters, different scales will have different prediction results. However, we believe that the basic result of this analysis remains, in that the composition and, hence, predictability of transmembrane domains seems to vary according to nucleotide bias. Thus, for any fixed membranepreference scale, the best search parameters will vary according to organism. It is noted that in some hydrophobicity scales~White & Wimley, 1999!, the difference in the hydrophobicity between Val ϩ Ala and Phe ϩ Ile is greater than in the GES scale used here; hence, with these scales the average hydrophobicity of a membrane residue may vary even more markedly according to the organism.
Although the analysis we present is mostly based upon data derived from prokaryotic sequences, the results may be of significance for the analysis of eukaryotic genomes. Within eukaryotic genomes there are different regions of DNA which have distinct, but consistent nucleotide biases~Sabeur et al., 1993; Bradnam et al., 1999!. The particular GC:AT bias of these isochore regions may have a significant and predictable effect upon the composition of transmembrane domains, analogous to the results presented above. Thus, it may be possible to improve the prediction of the transmembrane domains for eukaryotic sequences if the GC:AT bias of the isochore, in which the gene lies, is known. However, further analyses will be required to confirm an icochore specific influence on eukaryotic transmembrane composition. Indeed, it may be of value to also consider the local GC:AT context within prokaryotic genomes, as there are some regions of distinct nucleotide bias, often attributed to insertion events~Garcia-Vallve et al., 1999!.
Conclusion
We have shown that in organisms where the nucleotide content of the genome is significantly biased, the composition of its transmembrane helices is altered. A genomic bias against AT or GC bases constrains codon use and, hence, may constrain use of certain hydrophobic amino acids. A relatively low abundance of these residues leads to an increase in the use of alternative amino acids, with a more favorable codon. However, as these substitute residues do not have the same hydrophobicity, the overall hydrophobicity of TM domains is altered. Specifically, a bias against AT bases leads to less hydrophobic transmembrane residues. As the known membrane domains present an average picture, TM prediction analyses, based upon this or any other nonorganism specific data set alone, will be ignorant of the significant compositional differences that exist in different proteomes. However, as we have shown, VA0FI is readily predictable; GC0AT Ϸ 0.83~VA0FI!. Thus, AT bias can and should be taken into account when undertaking transmembrane prediction on a sequence from a known organism.
Materials and methods
Database selection
A proteome database was constructed, which consists of the protein sequences of predicted ORFs from the organisms that, to this date, have had their genomes completely sequenced. These organisms include members of archea: Archaeoglobus fulgidus~Klenk et al. !, Methanobacterium thermoautotrophicum~Smith et al., 1997 !, Methanococcus jannaschii~Bult et al., 1996 !, and Pyrococcus horikoshii~Kawarabayasi et al., 1998 eubacteria: Aquifex aeolicus~Deckert et al., 1998 !, Bacillus subtilis~Kunst et al., 1997 !, Borrelia burgdorferi~Fraser et al., 1997 !, Chlamydia pneumoniae~Kalman et al., 1999 !, Chlamydia trachomatis~Stephens et al., 1998 !, Escherichia coli~Blattner et al., 1997 !, Haemophilus influenzae~Fleischmann et al., 1995 !, Helicobacter pylori~White et al., 1997 !, Mycobacterium tuberculosis~Cole et al., 1998 !, Mycoplasma genitalium~Fraser et al., 1995 !, Mycoplasma pneumoniae~Himmelreich et al., 1996 !, Rickettsia prowazekii~Andersson et al., 1998 !, Synechocystis PCC6803~Nakamura et al., 1998 !, and Treponema pallidum~Fraser et al., 1998 and eukaryota: Caenorhabditis elegans~CESC, 1998!, and Saccharomyces cerevisiaẽ Chervitz et al., 1999 !. Initially, for each genome the nucleotide bias was calculated; the ratio between the combined abundance of C and G bases and the abundance of the A and T bases.
Transmembrane composition
We have predicted the occurrence of transmembrane helices within our proteome database on the basis of both homology to known transmembrane proteins and hydropathy analysis. The set of known transmembrane proteins used in this analysis are those proteins within SWISS-PROT~Bairoch & Boeckmann, 1991!, which have a predicted hydrophobic membrane spanning region~"TRANS-MEM" within the FT field!. Each of these~11,110! protein sequences was compared to all of the ORFs within for each of our organisms using the FASTA~Pearson & Lipman, 1988! algorithm. In each instance, the best matching protein within a given proteome was selected for further analysis if the random probability of a homology match was Ͻ10 Ϫ5 . A FASTA alignment of each SWISS-PROT membrane protein and corresponding proteome homologue was obtained. Simple hydropathy searches of the aligned sequences were performed, which considered ver permissive parameters; a window of 12 residues and a hydrophobicity threshold of Ϫ22 kcal mol Ϫ1 . Where the hydropathy searches identified hydrophobic sections in both sequences that overlap with each other and the SWISS-PROT assignment of the putative transmembrane region~according to the FASTA alignment!, the hydrophobic region of the proteomic sequence was assigned as transmembrane. The amino acid composition, length, and average residue hydrophobicity of the predicted transmembrane helix was then calculated and tabulated. Although this method will not identify all of the transmembrane spans within the proteomes, the regions have not been identified solely on the basis of an amino acid preference scale. Also, by using a correlation between hydrophobic regions in a homologue and a SWISS-PROT transmembrane assignment, we attempt to minimize false-positive classification.
Hydropathy searches
To show how the transmembrane a-helix prediction results vary between organisms, hydropathy searches were performed upon each proteome using a wide range of search parameters. The hydrophobicity searches consider a given window of residues within an amino acid sequence and classify a region as transmembrane if the total GES scale~Engelman et al., 1986! hydrophobicity exceeds a particular threshold value. We searched each of the proteomes using window sizes ranging from 12 to 26 residues and all the integer threshold values, ranging from Ϫ15 to Ϫ40 kcal mol Ϫ1 . The resulting number of putative membrane proteins predicted for each combination of parameters was recorded for each organism.
